In this paper, direct numerical simulation (DNS) is carried out to investigate the flat plate boundary layer with heat transfer affected by a wake of a square bar. The bar is installed parallel to the plate and normal to the flow direction at the beginning of the boundary layer. The gap between the bar and the plate is varied in two cases. The fractional step method based on the Runge-Kutta and central difference schemes is used in the simulation. The instantaneous structures along with the statistical characteristics of the flow and thermal fields are presented and discussed. The results show that, in the large-gap case ( 0 .
Introduction
A boundary layer with heat transfer is one of the classical research themes in fluid mechanics and it has been studied by a number of researchers (e.g., Perry and Hoffman, 1976; Subramanian and Antonia, 1981; Kong, et al., 2000; Hattori, et al., 2007; Li, et al., 2009 ). In most of those studies, the free-stream is laminar and the fluid is disturbed only by the wall. However, there are many situations in practice that the free-stream is not laminar and the turbulence structure and heat transfer are modified by the disturbances in the free-stream. Particularly for engineering applications such as turbomachines and heat exchangers, people have been trying to control the boundary layer by changing the free-stream structure.
Isotropic homogeneous turbulence is often employed as such a free-stream with disturbances. There are many studies on a boundary layer with heat transfer under such influence (e.g., Moffat, 1992a, 1992b; Péneau, et al., 2000; Kondjoyan, et al., 2002; Li, et al., 2010; Nagata, et al., 2011) . Our previous research has also focused on this subject . It has been clarified that heat transfer in the boundary layer becomes more active with increasing turbulence intensity in a free-stream. On the other hand, influences on a wake of an object installed in the free-stream are also of interest over decades. Marumo, et al. (1978 Marumo, et al. ( , 1985 carried out a set of experiments on heat transfer in a flat plate boundary layer disturbed by cylinder wakes. The studies showed that d C / ( C : the gap between the cylinder and the plate; d : diameter of the cylinder) strongly affects the turbulence structure in the boundary layer. Heat transfer is enhanced the most when
and is less active when 75
Shuang XIA*, Yasumasa ITO*, Kouji NAGATA*, Yasuhiko SAKAI* and Toshiyuki HAYASE** the other hand, the cylinder reduces skin friction in the boundary layer with decreasing d C / . Further investigation by Suzuki, et al. (1988) has clarified that, when d C / is small, large dissimilarity between momentum and heat transfer in the boundary layer exists just after the cylinder and it is caused by the intensification of the cold wallward and hot outward interactions. Later, de Souza, et al. (1999) also experimentally investigated a boundary layer interacted with cylinder wakes. It is shown that the large coherent structures play a significant role in the variation of heat transfer and skin friction. In addition, Baskaran and Bradshaw (1993) studied a boundary layer under the influence of wakes of circular and square bars with different sizes. Their results showed that there is no significant difference in skin friction under the influence of the circular bars with different sizes, but it is much smaller under the influence of the square bar. However, heat transfer is almost the same in all cases. Apart from bar wakes, the interaction between a wake of a thin flat plate and a boundary layer is also investigated by several researchers (e.g., Trigui and Guezennec, 1990; Inaoka, et al., 1991; Hamdouni and Bonnet, 1993) . It is found that skin friction and heat transfer in the boundary layer are sensitive to the setting of the thin flat plate, including not only the gap between the plate and the boundary layer but also the attack angle of the plate.
Although boundary layers with heat transfer under the influence of such wakes have been investigated for many years, the interaction between the flow and thermal fields has been hardly discussed yet. Besides, the numerical studies on this subject are very limited. Compared with the experimental studies, numerical studies are quite useful since it can give more information of the boundary layer. Considering above, in this paper, a flat plate boundary layer with heat transfer under the influence of a wake of a square bar is investigated by means of three-dimensional direct numerical simulation (DNS). The square bar is installed parallel to the plate and normal to the flow direction and the gap between the bar and the plate is varied in two cases.
This paper is organized as follows. First we describe the details of numerical method and simulation conditions. Next, the instantaneous flow and thermal fields, mean profiles and wall quantities (skin friction coefficient and Stanton number) are presented and discussed. Finally, the conclusions are given in section 4.
Nomenclature

C
: the gap between the square bar and the flat plate 
Numerical details
The governing equations are the normalized continuity equation, incompressible Navier-Stokes equations, and the scalar transfer equation:
The equations are solved by the fractional step method. A semi-implicit third-order Runge-Kutta scheme (Le and Moin, 1991) and a fully conservative second-order central difference scheme (Morinishi, et al., 1998; Kajishima, 1999) are employed for time advancement and spatial discretization, respectively. In order to increase the numerical stability with less computational cost, only the viscous and diffusion terms along the wall-normal direction are advanced implicitly by using the Crank-Nicolson scheme. The computational time step normalized by the free-stream velocity, Table 1 shows the size of the computational domain and the mesh number. The mesh is uniform in the spanwise direction but non-uniform in the streamwise and wall-normal directions with refined mesh in the vicinity of the square bar and wall to enable an accurate calculation with high efficiency. With respect to the boundary condition, a uniform flow with a 7 / 1 power law near the wall region of d y  is employed at the inlet. The convective outflow condition for velocity and temperature is applied at the exit. The non-slip and constant temperature ( 0   ) conditions are applied to the bottom boundary, while the slip and constant temperature ( 1   ) conditions are applied to the upper boundary. The periodic boundary condition is applied in the spanwise direction. On the surface of the square bar, the interpolation method is applied to make the velocity zero. , the negative and positive vortices, which are of the same size, are shed from the square bar alternatively and perturb the flow by advecting the fluid wallward and outward in turn. Furthermore, it is found that, as the vortices move downstream, they do not remain on the same side where they originally shed with respect to the centerline of the bar: the negative vortices shed from the upper side get close to the boundary layer over the plate and occupy the lower position in the downstream region, while the positive vortices shed from the lower side goes up and occupy the upper position. This behavior confirms the "crisscross motion" found by Suzuki, et al. (1993 Suzuki, et al. ( , 1994 . As a result, the negative vortices mostly interact with the boundary layer. 
Results and discussion
Instantaneous vorticity fields
Mean profiles
In this part, the mean profiles of streamwise velocity and temperature are presented to discuss the influence of the wake on the flow and thermal fields. Note that all the statistical values in this paper are taken after the flow goes through the computational domain for two cycles and then averaged over the following two flow-through cycles. , the mean velocity distribution fluctuates again. This phenomenon is explained by the migration of vortices shown in Fig. 4 . Figure 4 shows the time sequence of the normalized spanwise vorticity,
. The negative vortex A (Fig. 4a ) moves downstream as shown in Figs. 4b and 4c . At the same time, the tip of vortex B in the boundary layer (Fig. 4b) is lifted up gradually and detaches from the plate as an isolated vortex (Fig. 4d) . Meanwhile, the elongated vortex A breaks up into two vortices (A1 and A2): the main vortex A1 interacts with the isolated vortex B (Fig. 4e) and moves into the lower position with respect to the positive vortex C (Fig. 4f) , while the other vortex A2 stays in the upper position with respect to positive vortex C (Fig. 4e) and disappears gradually (Fig. 4f) , especially in the upstream region. This reason is explained later by using an instantaneous temperature field. 
Wall quantities
The skin friction coefficient, f C , and the Stanton number, St , are two important wall quantities in a boundary layer with heat transfer, which provide a measure of the skin friction and heat transfer on the wall, respectively. They are defined as
where w  is the wall shear stress defined by
and h is the heat transfer coefficient defined by
(7) Figure 6 shows the distributions of skin friction coefficient for the two cases. The The streamwise evolution of Stanton number of the two cases is plotted in Fig. 7 Figure 8 shows the instantaneous temperature field in a form of color contour along with the iso-vorticity line (black: negative; white: positive). It is observed that the negative (clockwise) vortices generally suppress the thermal boundary layer by engulfing the hot fluid from the outer region into the near-wall region and it makes the temperature gradient large, while the positive (counter-clockwise) vortices stretch the thermal boundary layer by ejecting the cold fluid from the near-wall region into the outer region and it makes the temperature gradient small. In the case of 25 
Conclusions
In this paper, the flat plate boundary layer with heat transfer under the influence of a wake of a square bar with different gaps has been investigated by means of direct numerical simulation (DNS). The results are summarized as follows:
(1) In the large-gap case ( 0 . 3 /  d C ), both the alternating negative and positive vortices, shed from the bar, perturb the boundary layer by advecting the fluid wallward and outward in turn. On the other hand, in the small-gap case ( 25 . 0 /  d C ), the negative vortices are large and occupy almost the entire region, which lead to the strong backward sweep motions of fluid near the plate.
(2) In the large-gap case, the mean streamwise velocity profile fluctuates again after being smoothed. This is attributed to the migration of the negative and positive vortices along the wall-normal direction. (3) In the small-gap case, the backward sweep motions of fluid induced by the large negative vortices reduce the velocity near the plate hence the skin friction in comparison with the large-gap case. (4) The thermal boundary layer is suppressed by the negative vortices and stretched by the positive vortices. In the large-gap case, both of the negative and positive vortices affect the thermal boundary layer. Besides, the negative vortices are relatively small and exist far away from the plate. In the small-gap case, on the other hand, the large negative vortices exist near the plate and, therefore, the thermal boundary layer is strongly suppressed. This contributes to the larger temperature gradient in the small-gap case, resulting in that heat transfer is more active in comparison with the large-gap case.
